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ABSTRACT
Reliability Study of Blue Phosphorescent Organic LightEmitting Diodes
Renyuan Yang
Organic light-emitting diodes (OLEDs) are very promising and considered as the
next generation display and lighting sources due to their important merits, such as light
weight, area-emission, vivid colors and flexibility. Over the last two decades, the OLED
technology has drawn considerable research interest. Significant progress has been
made, leading to much improved device reliability, luminance efficiency, and
manufacturability. In the OLED family, phosphorescent OLEDs (PhOLEDs) are
intrinsically more efficient than fluorescent OLEDs. However, compared with green
and red PhOLEDs, blue PhOLEDs are considered as the ‘weakest’ mainly due to their
low reliability, which is a great bottleneck limiting their commercial applications.
Despite considerable scientific and technical efforts in recent years, the underlying
mechanisms have not been fully understood and the problem remains to be solved. The
goal of this work is to fabricate PhOLEDs with blue-emitting FIrpic doped in different
host materials and investigate material factors contributing to fast degradation of blue
PhOLEDs.
First, blue PhOLEDs based on FIrpic were fabricated by the thermal evaporation
method. The performance of the PhOLEDs were optimized by tailoring key parameters
including the thickness of the electron transport layer (ETL), the host material, and the
doping level of the phosphorescent emitting dye within the host. In particular, through
a comparative study of the PhOLEDs with four different wide bandgap host materials,
we have found that the properties of the host material have a great impact on the
electrical and optical characteristics of the blue PhOLEDs.
Second, stressing tests under continuous and pulsed currents were conducted to

gain a better understanding of the factors governing the degradation process of blue
PhOLEDs. Blue PhOLEDs with different hosts exhibited a lifetime varying in a wide
range, suggesting a great influence of the host. By suppressing the self-heating effect
through 1% pulsed current stressing, the device lifetime was improved only by 2-3.2
times. We further investigated the effects of post thermal treatment, reverse biasing, and
doping concentration on the reliability of the PhOLEDs. All the findings led to the
conclusion that the PhOLED degradation was mainly caused by defects generated
within a narrow zone inside the emissive layer, and to achieve reliable device operation,
it is vital to select an appropriate host which has good stability, enables efficient charge
injection and balanced charge transport in the emissive layer.
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Chapter 1 Introduction
Over the last two decades, the organic light-emitting diode (OLED) technology
has progressed significantly and attracted tremendous research interest. OLEDs are
considered as the next generation technology for displays and solid-state lighting due
to their important merits, such as light weight, area-emission, vivid colors, wide
viewing angle, self-emitting, high contrast, small thickness, low operating voltage, fast
switching and flexibility [1-4]. Commercial OLED products have already hit the market
and are used in cell phone screens, television, computer monitors, watches and some
large-area light-emitting elements [5]. However, their great potential for general
lighting has not been fully fulfilled.

1.1 Brief history of OLEDs
OLEDs essentially rely on organic electroluminescence (EL), which is light
emission from an organic material driven by the electric field. The first organic EL was
reported by Bernanose in 1953 [6]. In his work, an alternating potential with a potential
difference up to 2000 V was applied across a thin film of cellophane adsorbed with
acridine derivatives. In 1982, Vincett observed organic EL from anthracene crystals
with solid electrodes. EL was visible in normal room lighting with a voltage of about
30 V and in dark room with a voltage of only 12 V [7]. The breakthrough was that the
driving voltage was significantly reduced less than 100 V. However, the voltage was
still too high for practical use. Organic EL did not get much scientific attention until the
first OLED device was made by Tang and Van Slyke in 1987 [8]. The double-layer
OLED was based on a simple p-n heterostructure prepared by thermal evaporation
deposition and sandwiched between two electrodes. The device consisted of N,N’diphenyl-N,N’-bis(3-methylphenyl)1,1’-biphenyl-4,4’ diamine (TPD) as the hole
transport layer and tris(8-hydroxyquinoline) aluminum (Alq3) as both the electron
transport layer and the light emission layer. The driving voltage was below 10 V, and
the external quantum efficiency was 1%, much higher than any before. Shortly
afterwards, in 1988, the first multi-layer OLED was developed by Chihaya Adachi et
1

al [9]. This achievement initiated the development of OLEDs with a high efficiency
and a low driving voltage. Up to now, many OLEDs with a sophisticated, optimized
structure and superior performance are based on the multi-layer prototype. In 1990,
Richard Friend’s group at Cambridge University prepared the first polymer OLED,
which exhibited green-yellow light with efficiency about 0.05% [10]. In 1994, the first
white OLED was made by Kido et al. Three fluorescent dyes (blue, green and orange)
were mixed together into a single emission layer. The white OLED was considered as
an ideal candidate for a future energy-saving lighting source [11]. In 1998, Forrest and
et al. discovered the triplet harvesting effect and developed the first phosphorescent
OLED (PhOLED), which was based on the phosphorescent dye 2,3,7,8,12,13,17,18octaethyl-21H,23H-porphine platinum(II) (PtOEP) [12]. The PhOLED harvesting both
singlet and triplet excitons showed superior efficiency over traditional fluorescent
OLEDs, which harvest only singlet excitons. Since then, OLEDs have drawn growing
research interests and enormous efforts have been made in this promising field.
Over the years, tremendous progress has been achieved in the OLED field, leading
to greatly improved color gamut, device reliability, luminance and power efficiency
[13-15]. Commercial products based on OLEDs have already been developed for flatpanel display applications. In the near future, they are expected to find widespread
applications in the commercial lighting market [16].

1.2 Working principle of PhOLEDs
1.2.1 Structure of OLEDs
As a basic prototype shown in Figure 1.1(a), the first OLED utilized a bi-layer
structure, consisting of hole transport layer (HTL) and electron transport layer (ETL)
sandwiched between anode and cathode on a glass substrate. It is considered as the
simplest and most basic architecture for the OLEDs. When an electric field is applied
across the OLED, electrons are injected from the cathode into the lowest unoccupied
molecular orbital (LUMO) of the ETL, and holes are injected from anode into the
highest occupied molecular orbital (HOMO) of the HTL. For organic materials, it is
2

widely believed that molecules with electron-donating groups usually possess the hole
transport property, whereas molecules with electron-accepting moieties generally
exhibit the electron transport character, and molecules with both electron-donating and
accepting groups may show the bipolar carrier transport property, which is a desirable
feature for the EML. Driven by electric field, the holes and electrons move through the
transport layers and meet at the interface of HTL/ETL. Excitons are formed by the
hole/electron recombination and then decay either radiatively to produce light or nonradiatively to generate heat.

Figure 1.1 Architecture of (a) the first OLED, and (b) a state-of-the-art OLED.

To achieve high efficiency, the architecture can be more complicated. Figure 1.1(b)
shows the possible functional layers that a typical OLED would have. A great advantage
of the multilayer structure is that each layer can be optimized for specific purposes. The
hole injection layer (HIL) and electron injection layer (EIL) help inject charge carrier
from the electrodes into the transport layers, which subsequently conduct charge
carriers into emission layer (EML). The transport layers are characterized by high
charge carrier mobility and matched energy level to that of the EML. The EML plays
the key role of an OLED. Charge recombination, exciton formation and radiation
process mainly take place in the EML. Phosphorescent dye tends to show low
luminance efficiency when the dye concentration is high, because of concentration
quenching. Therefore, the dye needs to be doped in a host matrix, in order to avoid high
concentration. As a result, in PhOLEDs, the EML is typically composed of host and
3

guest material. Normally, the excitons initially form on the host molecules, followed by
energy transfer from the host to the guest molecules. In order to prevent undesired
carrier migration out of the EML, carrier blocking layer can be inserted between the
EML and the transport layer. For instance, electron blocking layer (EBL) can restrain
electron overflow from the EML, due to its higher LUMO energy level than that of the
EML. The hole blocking layer plays a similar role to the EBL. Under some
circumstances, an exciton blocking layer can even been utilized to confine excitons
inside of the EML, because the excitons can hop from one molecule to another, only if
the energy level configuration allows. Specifically for blue PhOLEDs, the triplet
excitons tend to diffuse out of the EML, because the triplet energies of the host and
dopant are very high (> 2.5 eV), sometimes much higher than those of the carrier
transport materials. In sum, generally for a PhOLED, carrier transport layers and the
EML are quite essential and indispensable, whereas the injection and blocking layers
are still important but play complementary roles depending on specific requirements.
1.2.2 Principle of phosphorescence in organic materials
The operation principle of EL devices is based on radiative decay of excitons.
Properties of the excitons primarily determine the overall performance and luminescent
efficiency of the OLEDs. An exciton in organic materials may be considered as a pair
of a hole and an electron. The electron is usually excited on to the LUMO energy level
and a hole is created in the ground state on the HOMO level, due to the absence of the
electron. The exciton formation process in OLEDs mainly takes place in the EML. The
wavelength of the light emission is determined by the band gap of the emitter material,
which is normally the energy difference of LUMO and HOMO. Nevertheless, the
condition is a little different in the PhOLEDs. The color of phosphorescence depends
on the energy of the lowest triplet excited states, because the light emission comes from
radiative decay of triplet excitons. Usually, the triplet energy of the phosphor is slightly
lower than the singlet. Other vibration emission peaks also accompany the triplet
emission. They usually appears to have longer wavelength than the main peak.
4

Normally, the vibration emission should be suppressed to maintain color purity.
Under the influence of electric field, charge carriers travel from the electrodes
through aforementioned functional layers to the EML. In the EML, a pair of a hole and
an electron recombines together, forming an exciton. The total spin of the two electron
system may be either S=0 or S=1. The S=0 state is known as a singlet, and the S=1 is a
triplet, which contains three possible states. Normally, the population ratio of singlet to
triplet number is 1:3.
In addition, the spin of the exciton conserves during the exciton decay and
therefore influences the luminance. The ground state of most molecules is a singlet state,
and only singlet excited states can radiatively decay, producing light emission. Because
the emission of a photon conserves spin, radiation of singlet excitons is fast and efficient.
This emission is known as fluorescence. In contrast, almost all energy of the remaining
triplet states is lost to non-radiative decay. The singlet states make up only a quarter of
all excited states. As a consequence, the internal quantum efficiency (IQE) of
fluorescent OLEDs has a maximum of 25% [17].
However, the situation would be changed if heavy atoms are introduced in the
molecules, due to the fact that heavy atoms such as platinum or iridium can enhance
spin–orbit interactions within a molecule. The excited singlet and triplet states can mix
together so that the triplet states possess some properties similar to the singlet. As a
result, the decay of the triplet state is partially allowed. This light emission from triplet
transition is known as phosphorescence. Nevertheless, the radiative decay of the triplet
is still significantly slower than that of the singlet. This problem would be solved if
singlet-triplet mixing in the exciton state has a faster rate in the radiative decay than in
the non-radiative. For the case of the metalloorganic complexes of the Pt(II) and Ir(III),
the lowest singlet excited state has rather low radiative rate for transitions to the ground
state and low absorption intensity [18]. The exciton mixing can enhance intersystem
crossing (ISC), leading to transition from the singlet to the triplet with high probability,
because the energy of the singlet excitons is a bit higher than that of the triplet. The ISC
5

process which transfers energy from the singlet to the triplet states is highly competitive
with the singlet emission. Nearly all singlet excitons on the phosphor sites finally lead
to triplet excitons by ISC. In this way, singlet states of emitter molecules transfer energy
to the triplet, and the triplet excitons radiatively decay producing phosphorescence.
Thus, phosphorescence can harvest 100% of the excitons, making a 100% IQE [12].
A bulk layer of phosphorescent emitter exhibits a noticeable reduction in quantum
efficiency. This effect is known as concentration or aggregation quenching. Improved
efficiency can be achieved if the phosphorescent emitters are doped in a host material.
High quantum efficiency can be obtained when the phosphorescent emitters are
dispersed in the host material with doping level in the range of 1-10 wt%.
1.2.3. Excitonic energy transfer and recombination in PhOLEDs
Ideally, the energy on host molecules should transfer to the phosphor, unless
emission from the host is desired. In the host/guest system, the host molecule can also
be called the donor, and the guest is the acceptor. There are two types of energy transfer
in the EML: Förster and Dexter energy transfer. Singlet excitons on donor are mainly
transferred to the accepter via Förster energy transfer mechanism, which is a type of a
dipole-dipole interaction between the dipole transition moments [19-21]. The Förster
transfer mechanism requires significant spectra overlap between the emission of the
host material and the absorption of the dopant, as well as strong emission of the host
and absorption of the dopant. This mechanism is characterized by long range: within
100 Å separation between the donor and accepter. The triplet energy on the host
molecule can migrate to other molecules by Dexter energy transfer. Dexter transfer
strongly depends on the overlap of donor and acceptor orbitals, leading to a requirement
of short-range distance (< 10 Å) between the donor and accepter. The Dexter
mechanism can be applied to spin-forbidden transitions, where the Förster energy
transfer cannot occur. Therefore, the Dexter mechanism determines the triplet-triplet
energy transfer, triplet-triplet annihilation and other spin-dependent processes. Triplet
excitons migrate from site to site, ultimately locating on a phosphorescent molecule. It
6

is worth noting that the Dexter transfer is responsible for the triplet-triplet annihilation,
a parasitic effect of PhOLEDs.
Besides the energy transfer from the host to the guest molecules, exciton formation
directly on the guest molecules is possible in the EML. In this scenario, the host material
plays the role of carrier transport. For direct carrier trapping on the phosphorescent
guest dopant, a significant overlap and offset of the HOMO and LUMO energies of the
host and guest molecules is necessary. It is widely believed that PhOLEDs are more
efficient if the excitons are directly generated on the phosphorescent emitter.
Once the triplet exciton is on the guest sites, they should be confined on the sites
in order to produce light emission. These triplet excitons on the phosphor are easy to
migrate to the triplet states on other molecules (including both host and guest molecules)
via highly efficient Dexter type triplet-triplet energy exchange steps. The triplet
excitons on the phosphor are mostly populated on the lowest triplet excited states. To
prevent triplet migration out of phosphors, the lowest triplet excited states of the host
molecule should desirably be higher than that of the guest. This feature in the host/guest
system is important to build an efficient PhOLED.
Moreover, it should be mentioned that the location and profile of the charge
recombination zone has great impact on the OLEDs performance. Exciton distribution
in the EML is strongly determined by the electrical (transport) properties of the various
materials used, for example, the carrier mobility, HOMO and LUMO energy levels.
High luminance efficiency requires a balanced hole/electron ratio which is ideally 1:1.
However, bipolar material, which is characterized by equal abilities to conduct both
holes and electrons, is hard to synthesize. The hole and electrons experience different
energy barriers to reach the EML. As a consequence, the excitons are usually formed
in a thin slab of the EML in the proximity of an interface to an adjacent material layer.
A thin recombination zone gives rise to excitons of high concentration. For PhOLEDs,
high density induces concentration quenching, leading to efficiency loss. The width of
the recombination zone is less than 5 nm. Despite this fact, the EML still needs to be
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thick enough to prevent charge leakage, which may otherwise result in efficiency
decrease and even undesired emission of other organic materials. A broad
recombination zone is desired for high efficiency of the PhOLEDs. Up to now, it is still
a challenge of achieve this goal.
The bipolar material is a key factor to solve the problem of narrow recombination
zone. Although this material is not easy to synthesize, it can be obtained by mixing two
host materials together: a hole-transport and an electron-transport type host material.
By adjusting the ratio of these two parts or the mixing profile, a relatively balanced
charge ratio can be achieved, due to balanced carrier mobility and blended energy levels
configuration. Here, excitons are formed on either side of the interface between these
two layers. This concept has successfully been adopted in fabrication of high efficiency
white OLEDs. Ultimately, inherently bipolar materials are required and more effort is
needed to develop these materials.

1.3 Development and Challenges of Blue PhOLEDs
The PhOLEDs are drawing much attention because they can theoretically reach
100% IQE by harvesting both singlet and triplet excitons [12]. As an indispensable
primary color of white emission, blue OLEDs have a great influence on the applications
of display and lighting. The blue light can be converted to green and red colors by a
color-changing medium. Compared with green and red PhOLEDs, the development
blue PhOLED is less satisfactory [22-25]. Typically, the blue part is considered as ‘the
weakest link’ in the realization of a high-efficiency white PhOLED. A lifetime of
hundred thousands of hours has been achieved for green and red PhOLEDs, whereas
typical blue PhOLEDs lasts only a few hours [26-28]. A great improvement in lifetime
of blue PhOLEDs was recently made by Forrest et al [29]. They reported a novel blue
electrophosphorescent device with a graded dopant concentration profile in a broadened
emissive layer. The lifetime of the blue device was extended up to ten times. However,
state-of-the-art blue PhOLEDs are still not suitable for commercial use. A significant
improvement in the reliability is urgently required. The short lifetime of blue PhOLEDs
8

is generally believed to be closely linked with the inherent properties of the materials
in blue PhOLEDs, for instance, the wide energy bandgap and parasitic effects
associated with the organic emitter and host.
1.3.1 Blue phosphorescent emitter
The phosphorescent emitter plays the most important role in PhOLEDs and
determines the device performance, such as color, efficiency and stability. So far,
efficient blue phosphors are mainly based on Iridium (Ir) complexes as they can meet
several critical requirements of blue phosphorescent emitter materials: (i) a large triplet
energy, (ii) a short lifetime of triplet excitons, and (iii) a high photoluminescence (PL)
quantum efficiency. The triplet energy of blue phosphors should be in the range of 2.502.80 eV for blue emission, corresponding to emission wavelengths in a range of 443496 nm [30]. Blue phosphors should have a μs order lifetime for triplet excitons, which
is required by fast radiative decay [31]. In addition, a high PL quantum efficiency is
needed in order to achieve theoretical maximum internal quantum efficiency close to
100% [12].
Many excellent blue phosphorescent materials have been synthesized, for instance,
iridium(III)bis(4,6-difluoro-phenylpyridinato)-3(trifluoromethyl)-5-

(pyridine-2-yl)-

1,2,4-triazolate (FIrtaz) [32], iridium(III)bis(4,6- difluorophenylpyridinato)-(5-pyridin2-yl)-1H-terazolate (FIrN4) [32, 33], iridium(III)bis [(3,4,5-rifluorophenyl)-pyridinatoN,C2’]picolinate

(F3Irpic)

(picolinato)iridium(III)

[34],
(FIrpic)

Bis[2-(4,6[35-40],

difluorophenyl)pyridinato-C2,N]
iridium(III)

bis(4’,6’-

difluorophenylpyridinato)tetrakis(1-pyrazolyl)borate (FIr6) [32, 41, 42]. Among them,
FIrpic is considered as the most efficient one and is also widely utilized as dopant in
blue PhOLEDs. The F3Irpic has a similar molecular structure to FIrpic. The PL quantum
yield of F3Irpic is higher than that of FIrpic. However, emission peak of F3Irpic shows
a red-shift of 8 nm, compared with FIrpic. Fir6 shows improved blue color, but it has
worse stability.
Despite the merits, the Ir-based blue phosphors suffer a serious weakness of
9

instability and relatively low luminance efficiency, compared with green and red
phosphors. The blue emitters need to have sufficiently high triplet energy to produce
blue photons. Therefore, the triplet excited excitons with high energy increase the
susceptibility of deterioration for the blue emitters. The low stability can be induced in
another way. In order to achieve a high triplet energy, the blue phosphors usually
involve strong electron-withdrawing groups, such as fluoride and cyanide. However,
C-F bonds in blue phosphors are easy to break under electrical stimulation. As a result,
the dopant greatly contributes to low reliability of blue PhOLEDs.
1.3.2 Host materials for blue PhOLEDs
For standard PhOLEDs, the phosphorescent dopant is dispersed in the host
material. The host material is required to generate excitons and then efficiently transfer
energy to the dopant. Moreover, it should be characterized by high stability. Endurable
thermal and electrochemical stability together with stable morphology is desired to
ensure a long device lifetime. Taking into account both the mechanism for exciting the
triplet state of the dopant and the device structure, the requirements for making a good
host material are: (i) the HOMO/LUMO energy level of the host material should
envelop those of the dopant to allow direct carrier trap on the dopant species; (ii)
matched HOMO/LUMO levels of the host to the adjacent carrier transport layers are
needed to reduce energy barrier and thus enhance charge injection; (iii) the host material
should have balanced carrier mobility to get a broad charge recombination zone; (iv)
the triplet energy level of the host material should be higher than that of the guest, to
ensure forward energy transfer from the host to the guest and prevent reverse transfer;
(v) PL spectrum of the host should have good overlap with the absorption of the dopant,
in order to facilitate Förter energy transfer; (vi) host material with good stability
benefits device lifetime [20, 43].
Considering the triplet energy of blue phosphor has already been high, synthesis
of host material with higher triplet energy and large band gap proves more difficult.
Besides, the stability of the host material may be a problem, due to high energy excitons.
10

Normally, trade-off must be made among some of the factors, because it is impossible
for all the criteria to be satisfied simultaneously. For instance, usually, high triplet
energy and high electron mobility cannot be achieved simultaneously in organic
molecules. Because weak conjugation of molecules result in high triplet energy and low
carrier mobility as well [44].
Usually, a broad charge recombination zone is difficult to achieve, due to (i)
unbalanced charge ratio of the host material, and (ii) the holes and electrons experience
different energy barrier to travel from the electrodes to the EML [45]. A narrow
recombination zone results in high exciton density and further triplet-triplet annihilation,
leading to efficiency decrease and short lifetime.
1.3.3. Efficiency loss due to parasitic effects
In typical PhOLEDs, the EQE decreases from its peak value with increasing
current density. This efficiency drop is called the roll-off effect in PhOLEDs. This effect
increases with current density and doping level. Blue fluorescent OLEDs are often used
to replace blue phosphorescent OLEDs when the operating current density is high,
because the former suffer less from the roll-off effect. There are mainly two major
factors in PhOLEDs contributing to this effect: triplet-triplet annihilation (TTA) and
triplet-polaron annihilation (TPA) [46].
The TTA is an important case of exchange energy transfer. Two triplet excited
states on two molecules produce two other states. Possibly, both of the resultant states
are singlet. One is on ground state, which is also a singlet state. The other one is on a
higher singlet state, the energy of which is twice the triplet energy. The higher singlet
state would relax to the lowest singlet state. This process can briefly be represented as:
T1 + T1 → Sn + S0 → S1 + S0. T1, Sn, S1 and S0 are the lowest triplet state, higher singlet
state, lowest singlet and ground state, respectively. This process leads to fast decrease
of triplet population and energy loss, because no light is emitted in the TTA process.
Usually, the TTA is considered as the most important factor contributing to the
efficiency roll-off in the PhOLEDs [47, 48].
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TPA is another parasitic effect, leading to triplet quenching and efficiency loss.
TPA is an energy transfer process that a triplet exciton transfer energy to a charged
molecule (polaron), forming an excited polaron. Similar to the TTA, the TPA increases
with triplet density. Under some circumstances, the TPA is proposed to be the dominant
mechanism for the roll-off, instead of the TTA [49].
The parasitic effects not only play roles in efficiency roll-off, but cause
degradation issues. Molecules on much higher energy levels can be generated as
mediate products by both TTA and TPA processes. They are considered as ‘hot
molecules’, which incur further reactions, fueling device degradation. For instance,
direct dissociation can be induced by the highly vibrantly excited states. Intrinsic device
degradation is caused by the chemical conversion of a fraction of molecules in the
organic materials. Then, the reaction products can act as non-radiative recombination
centers, luminescent quenchers or deep charge traps, leading to luminance loss. The
defects can trap charge carriers, accelerating the TPA process. Moreover, accumulation
of the charge traps in the bulk of organic layers together with defects at the layer
interfaces contributes to driving voltage increase. It should be noted that a single defect
site is not necessarily limited to one of the mentioned roles but might in fact act as an
electron and hole-trap as well as a quenching site at the same time. The formation of
these defects can be caused by different processes and proceed via a variety of possible
pathways.
The parasitic effects exist in all PhOLEDs. However, the problems induced by the
TTA and TPA are more serious in blue PhOLEDs [50]. High-energy intermediate states
in the blue PhOLEDs often increase the accessibility of higher lying excited states
leading to dissociation and bond rupture processes. Moreover, due to high triplet
energies, the excess energy dissipated through TTA and TPA process in the blue
PhOLEDs is significantly higher than that in green or red PhOLEDs, resulting in faster
degradation and shorter device lifetime.
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1.4 Thesis goal and organization
As discussed above, blue PhOLEDs show considerably poorer reliability as
compared with green and red ones. The goal of this thesis is to fabricate efficient blue
PhOLEDs based on FIrpic and study their degradation mechanisms under high-current
stressing.
Chapter 2 describes the fabrication and optimization of blue PhOLEDs with FIrpic
doped in a wide bandgap host. To obtain high-efficiency blue PhOLEDs, the layer
structure is optimized through comparative studies of the electrical and optical
characteristics of PhOLEDs with different host materials, FIrpic doping concentrations,
and electron-transport layer thicknesses.
Chapter 3 aims to investigate the device degradation mechanisms and determine
the major material factors affecting the device reliability. Lifetimes of blue PhOLEDs
with different hosts stressed under high currents are measured. To suppress the selfheating effect, the PhOLEDs are also stressed using 1% pulsed currents. Furthermore,
the effects of post thermal treatment, reverse biasing, and doping concentration on the
blue PhOLED lifetime are studied. Based on the observations, the key host material
factors which have a significant impact on the device reliability are discussed.
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Chapter 2 Fabrication of Blue PhOLEDs with
Different Host Materials
2.1 Introduction
For phosphorescent organic light-emitting diodes (PhOLEDs), the emission layer
(EML) is the most vital part. The phosphorescent dye is characterized by concentration
quenching effect. Usually, the dye is dispersed in a host material with low doping level,
to avoid quenching [1-5]. As a result, the EML of PhOLEDs is composed of host and
guest material.
Much work done was focused on the development of blue phosphorescent emitters
with improved efficiency and color purity. The development of high energy or deep
blue phosphorescent materials has been one of the major challenges in this area. The
design and preparation of blue phosphorescent complexes with high triplet energy level,
high emission quantum yield and good stability are far more difficult to be realized than
those of red and green phosphorescent complexes. Among the blue phosphorescent
dyes, Bis[2-(4,6-difluorophenyl)pyridinato-C2,N](picolinato)iridium(III) (FIrpic) and
iridium(III)bis(4’,6’-difluorophenylpyridinato)tetrakis(1-pyrazolyl)borate (FIr6) are
considered as excellent dopants for blue PhOLEDs [6-8]. Although Fir6 shows bluer
color, it suffers worse lifetime. In comparison, FIrpic is much favorable.
The selection of host materials is of great importance for the preparation of
efficient PhOLEDs. Many key properties must be considered. For example, the singlet
and triplet levels of the host should be higher than those of phosphorescent dopants to
enable efficient energy transfer. High thermal stability is needed to improve the
operation stability of devices. Blue PhOLEDs with various host materials have been
demonstrated.

For

instance,

bis(triphenylsilyl)benzene

Lee

(UGH3)

and
host

et
[9].

al.
They

doped
also

FIrpic
used

in

1,3-

1,3-bis(N-

carbazolyl)benzene (mCP) as the host material [10]. The blue PhOLEDs with mCP
showed external quantum efficiency of ~9%. Chopra and et al. reported high efficiency
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and low roll-off for blue PhOLEDs based on FIrpic doped in a mixed host, which
consisted

of

di-[4-(N,N-ditolyl-amino)-phenyl]cyclohexane

(TAPC)

and

2,8-

bis(diphenylphosphoryl)dibenzothiophene (PO15) [11].
In this chapter, blue PhOLEDs with an EML comprising FIrpic doped in various
host materials are fabricated by vapor deposition. The device performance is optimized
by tailoring of the ETL thickness and FIrpic doping concentration. The electrical and
optical characteristics of PhOLEDs with different hosts are measured and compared.

2.2 Experimental procedure
The PhOLEDs were fabricated on glass substrates with pre-patterned indium tin
oxide (ITO), of which the sheet resistance was 15 /□. The substrates were cleaned
with acetone, methanol and deionized water, and dried in air before they were treated
with O2 plasma for 5 min. They were then transferred to a thermal evaporation chamber,
which was maintained in high-vacuum condition (<1×10-6 torr) by a cryopump. The
organic layers were deposited at a pre-calibrated rate 0.1 nm/s. An aluminum cathode
was deposited through a shadow mask. The thickness and deposition rate of each layer
were measured by quartz crystal monitors. All the layers were deposited without
breaking vacuum. The active device area was 0.1 cm2. Four identical devices were
fabricated on each glass substrate. After deposition of all layers was completed, the
devices were transferred in N2-filled glovebox, where the ambient was free from O2
and water moisture. They were encapsulated with epoxy and a glass lid. All the devices
were characterized in room temperature.
The electroluminescence spectra were measured with Ocean Optics fiber-optic
spectrometer. The current-voltage and luminance-current data were measured with an
Agilent 4156C semiconductor parameter analyzer and a computer controlled Keithley
238 high current source measure unit, respectively. To calculate the external quantum
efficiency (EQE), the OLEDs were placed directly onto the surface of a calibrated
silicon photodetector (1 cm in diameter). Photoluminescence spectra were measured by
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Hitachi F-7000 spectrophotometer. Absorption and transmission data were collected by
Hitachi U-3900H spectrophotometer.

2.3 Optimization of the baseline blue PhOLED
2.3.1 Organic Materials used in the baseline blue PhOLED
FIrpic is used as emitter for blue PhOLEDs, due to its high efficiency. In 2005,
Kawamura et al. showed that photoluminescence quantum efficiency of FIrpic could
reach nearly 100% when doped in host material with high triplet energy [12]. FIrpic is
characterized by high triplet energy band gap (2.62 eV), which responds to desirable
blue emission.
Figure 2.1 shows the chemical structures of organic materials used in the baseline
blue

PhOLED.

N,N’-Di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine

(NPB) and bathophenanthroline (BPhen) are used as hole transport layer (HTL) and
electron transport layer (ETL), respectively, due to their high carrier mobility [13, 14].
To ensure sufficient energy transfer, mCP is selected as the host material for FIrpic,
because of its high triplet energy (2.9 eV). Due to its higher hole mobility than electron
mobility, mCP is considered as hole transport host material [15].

Figure 2.1 Chemical structures of NPB, mCP, FIrpic and BPhen.
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2.3.2 Charge injection layers
A thin layer of molybdenum trioxide (MoO3) is added between ITO and NPB, to
serve as hole injection layer (HIL), as shown in Figure 2.2. Many reports showed that
MoO3 interlayer could enhance hole injection and hence increase current density by
reducing the energy barrier [16-18].

Figure 2.2 (a) Layer structure of blue PhOLED. (b) Schematic energy level diagram of blue
PhOLED.

Reliability comparison between devices with and without MoO3 layer is shown in
Figure 2.3. Device with MoO3 interlayer has better durability than that that without
MoO3, due to three functions of the MoO3 interlayer: (i) reduce energy barrier, (ii)
isolate the ITO from the NPB and (iii) reduce ITO roughness. Large amount of Joule
heating can be generated at the interface with a high energy barrier and consequently
cause problems to the local organic molecules, such as decomposition and aggregation.
A thin layer of MoO3 attenuates such an energy barrier. The MoO3 interlayer isolates
the ITO from the HTL, preventing possible atom migration. For example, indium atoms
driven by electrical field can migrate into the organic layers, which provide quenching
sites in the EML. In our experiment, the ITO is treated with oxygen plasma prior to
deposition of each layer. After the treatment, oxygen atoms are forced on the ITO
surface and thus unstable. During operation, the ITO loses the oxygen, which may react
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with radical NPB molecules. Moreover, losing oxygen atoms inevitably cause the work
function of the ITO to decrease. The oxygen diffusion can be alleviated by introducing
a MoO3 interlayer. Dark spots partially relate to the ITO roughness. Because, during
operation, ITO spikes give rise to higher local voltage than the surrounding area,
leading to more joule heating around the spikes. Liu demonstrated that MoO3 deposition
could improve the ITO roughness. The thickness of the MoO3 layer in our samples is
only 0.5 nm, which is much less than that in the report [19]. Therefore, the roughness
improvement is not as pronounced as what was in Liu’s report. Roughness improvement
may play only a minor role in this scenario.

Figure 2.3 Normalized luminance decay curves of devices with and without MoO 3 interlayer.

On the cathode side, efficient electron injection requires cathode with a low barrier,
matching the LUMO level of the organic material, which is usually 2-3 eV. Some metal
with a low work function such as Ca and Mg are used as the cathode [20, 21].
Nevertheless, they are unstable, because they are very sensitive to moisture and oxygen.
Al is a popular cathode material, due to its stability and low cost. A thin layer (< 1 nm)
of lithium fluoride (LiF) capped with Al layer is widely utilized as the cathode to
enhance electron injection. For the LiF/Al cathode, many mechanisms are proposed to
explain the electron injection enhancement, such as tunneling effect, band bending at
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the metal/organic interface, the formation of interfacial dipoles or chemical dissociation
of the LiF layer during Al evaporation [22].
For the reasons above, in our growth, LiF is inserted between BPhen and Al to
function as electron injection layer (EIL). The LiF/Al cathode has matched work
function (~2.9 eV) to lowest unoccupied molecular orbitals (LUMO) energy level of
the ETL more than the pure Al cathode (~4.2 eV), resulting in lower ETL/cathode
energy barrier, as indicated in Figure 2.2(b).

2.3.3 Optimal thickness of the ETL
The ETL has great impact on OLED performance. Large ETL thickness results in
series resistance increase. For the point view of energy consumption and power
efficiency, thinner ETL is favorable. However, more factors should be taken into
account before the optimal thickness is determined. For instance, the ETL thickness
also affects the escaping light from the anode side. All the layers are sandwiched
between anode and cathode. All the visible light escapes from the transparent ITO
anode. A part of the light rays hit the opaque but reflective Al layer and bounce back.
The direct and reflected rays interfere with each other [23]. The distance between the
recombination zone and the cathode determines whether the interference is constructive
or destructively by changing the optical path difference between the direct and the
reflected waves. The ETL has even more complicated impact on the OLEDs. For
example, change in the ETL ingredient or thickness leads to the change of electric field
distribution throughout the device structure. Since the carrier mobility has strong
relation to the electric field, the carrier mobility changes in response to varying ETL
thickness and hence affects the electron/hole ratio in the EML, which result in a shift
of charge recombination zone and ultimately influence the performance of the device.
To investigate the influence of the ETL on the blue PhOLED performance, devices
with different ETL thickness are fabricated with the structure of ITO (100 nm) / MoO3
(0.5 nm) / NPB (40 nm) / mCP:FIrpic (10 wt%) (30 nm) / BPhen (x nm) / LiF (0.5 nm)
/ Al (100 nm), as shown in Figure 2.2(a). In this case, BPhen is used as the ETL, of
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which the thickness varies (x= 25 nm, 35 nm, 45 nm, 55 nm, respectively). Figure 2.4(a)
illustrates current density-voltage (J-V) characteristics of the PhOLEDs with different
BPhen thickness. At 100 mA/cm2, the voltages of the devices with BPhen thickness of
25, 35, 45 and 55 nm are 12.2, 13.1, 13.4 and 13.7 V, respectively. The voltage increases
with increasing BPhen thickness, simply because of the increase of series resistance.
Inevitably, the device with 25 nm has the lowest operating voltage. Figure 2.4(b) shows
luminance-current density (L-J) characteristics of devices with different BPhen
thickness. The device with 45 nm has the best brightness, which is attributed to the best
balanced electron/hole ratio as well as constructive wave interference.
From the perspective of lowering applied voltage, the optimal thickness is 25 nm.
But the 25 nm device suffers the lowest brightness, according the L-J characteristics.
In contrast, the device with 45 nm has moderate J-V curve and the best L-J
characteristics. Overall, the device with BPhen of 45 nm thickness has the best
performance.

Figure 2.4 (a) Current density-voltage and (b) luminance-current density characteristics of blue
PhOLEDs with different BPhen thickness.

2.3.4 Optimal doping concentration of FIrpic
Blue PhOLEDs with different host/guest weight ratios have been prepared with
the structure of ITO (100 nm) / MoO3 (0.5 nm) / NPB (40 nm) / mCP:FIrpic (x wt%)
(30 nm) / BPhen (45 nm) / LiF (0.5 nm) / Al (100 nm), as shown in Figure 2.2(a). The
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phosphorescent material, FIrpic, is evenly doped in the host material, mCP. The weight
ratio of the dopant and host material varies from 4 to 20 wt%.
Figure 2.5(a) shows the J-V curve of PhOLEDs with different weight ratios. The
driving voltage monotonically decreased with increasing weight ratio. Because FIrpic
molecules facilitates the electron injection. The energy level diagram of the PhOLED
is shown in Figure 2.2(b). LUMO energies of mCP, FIrpic, BPhen are 2.4 eV, 3.0 eV
and 3.0 eV, respectively. Electrons need to overcome an energy barrier of 0.6 eV to
travel from BPhen to mCP molecules. In contrast, there is matched LUMO levels
between FIpric and BPhen. As the FIrpic concentration increases, the electron injection
from the ETL to the EML becomes more efficient. Since mCP is hole transport host
material, FIrpic molecules improve charge ratio by facilitating electron injection [24].
Figure 2.5(b) shows the driving voltages required to maintain a current density of
100 mA/cm2. The operating voltage shows initial fast drop followed by slow decline,
implying saturated improvement on electron injection.

Figure 2.5 (a) Current density-voltage characteristics of blue PhOLEDs with different weight
ratios. (b) Operating voltage of devices with different weight ratios when the current density was
100 mA/cm2.

Figure 2.6(a) illustrates the comparison of L-J characteristics of PhOLEDs with
different weight ratios. Figure 2.6(b) shows the brightness as a function of dopant
concentration with current density of 20 mA/cm2. The brightness of the PhOLEDs
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increases with weight ratio of FIrpic to mCP when it is lower than 10 wt%. However,
similar L-J curves indicate saturated brightness when the weight ratio is above 10 wt%.
The PhOLED is based on guest/host system. A small part of excitons are formed
directly on FIrpic molecules, whereas most of excitons are firstly on the host species,
followed by energy transfer from host to guest molecules. In the low doping level region
(< 10 wt%), the brightness has strong relation to FIrpic concentration, mainly due to (i)
more energy acceptors and emitters, and (ii) improved charge ratio. In the high doping
level region, the PhOLEDs suffer two pronounced parasitic effects: triplet-triplet
annihilation (TTA) and triplet-polaron annihilation (TPA). The higher concentration of
the exciton on the phosphorescent molecules, the severer are the TTA and TPA effects
[24, 25]. Therefore, the PhOLEDs with high doping level suffer low efficiency. The
parasitic effects may be compensated by improved charge ratio, resulting in saturated
luminance.

Figure 2.6 (a) Luminance-current density characteristics and (b) luminance at 20 mA/cm2 of blue
PhOLEDs with different weight ratios.

Figure 2.7 shows the EQE characteristics of blue PhOLEDs with different weight
ratios. All the devices exhibit decreasing EQE (the efficiency roll-off) when the current
density is high. This phenomenon is explained by the TTA and TPA process, because
the exciton population on FIrpic increases with current density. As Figure 2.7 indicates,
the device with concentration of 9.3 wt% has the highest EQE. Doping concentration
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higher than 10 wt% improves J-V curves and shows saturated luminance. However,
high doping concentration would increase the cost. Because FIrpic is rather expensive,
due to extreme rarity of Ir element. As a result, the optimal weight ratio of FIrpic to
mCP is about 10 wt%.

Figure 2.7 External quantum efficiency of blue PhOLEDs with different weight ratios.

2.4 Blue PhOLEDs with different hosts
Besides mCP, there are a few other organic materials with large band gap that can
be used as host for FIrpic. 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP) is popular host
material for red and green PhOLEDs, due to satisfying triplet energy confinement and
high carrier mobility. But it seems not suitable for blue phosphors. As shown in Table
2.1, the triple energy of CBP is 2.56 eV, which is lower than the triplet energy of FIrpic
(2.62 eV). If CBP is used as the host for FIrpic, the energy on FIrpic molecules can
transfer back to CBP molecules. Tris(4-carbazoyl-9-ylphenyl)amine (TCTA) is hole
transport host material, having large triplet energy (2.85 eV) and high glass transition
temperature (Tg = 151 °C) [26]. TCTA has a high hole mobility, whereas its electron
mobility is rather low. UGH3 is considered as slightly electron transport host material,
though there is lack of its mobility data. It has very large triplet energy (3.5 eV) but
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relatively low Tg (46 °C) [27]. In addition to host material, UGH3 can also be utilized
as hole blocking material, because of its deep highest occupied molecular orbitals
(HOMO) energy level (7.2 eV) and very low hole mobility. The chemical structures of
the host materials are shown in Figure 2.8.

Figure 2.8 Chemical structures of TCTA, CBP, UGH3.

Blue PhOLEDs with different hosts have been fabricated, for which the structure
is ITO (100 nm) / MoO3 (0.5 nm) / NPB (40 nm) / Host:FIrpic (10 wt%) (30 nm) /
BPhen (45 nm) / LiF (0.5 nm) / Al (100 nm), as shown in Figure 2.9(a). ITO, MoO3,
NPB, FIrpic, BPhen, LiF, Al is utilized as the anode, HIL, HTL, dopant, ETL, EIL,
cathode, respectively. The host material is selected from one of the candidates: TCTA,
CBP, mCP and UGH3. The dopant is FIrpic with a fixed weight ratio of 10 wt%. The
energy level diagram is illustrated in Figure 2.9(b).

Figure 2.9 (a) Layer structure of blue PhOLEDs with different host materials (TCTA, CBP, mCP,
UGH3). (b) Schematic energy level diagram of blue PhOLEDs.
27

Table 2.1. Energy levels, glass transition temperature and carrier mobility of transport materials,
host materials and the dopant.

Glass
Triplet
Organic

HOMO

LUMO

Material

(eV)

(eV)

Hole

Electron

Mobility

Mobility

(cm2V-1s-1)

(cm2V-1s-1)

transition
Energy
temperature
(eV)
(°C)

TCTA

5.7

2.3

2.85

151

3.010-4

<10-8

CBP

6.1

2.5

2.56

62

2.010-3

3.010-4

mCP

5.9

2.4

2.9

55

3.210-4

2.010-4

UGH3

7.2

2.8

3.5

46

-

-

FIrpic

5.9

3.0

2.62

-

-

-

NPB

5.4

2.4

2.3

95

8.810-4

-

BPhen

6.4

3.0

2.5

-

-

5.210-4

Figure 2.10 shows the J-V characteristics of blue PhOLEDs with different hosts.
At a current density of 100 mA/cm2, the PhOLEDs with host of TCTA, CBP, mCP and
UGH3 have voltages of 7.0, 11.8, 10.3, and 16.7 V, respectively. From Figure 2.9(b)
and Table 2.1, it can be calculated that the energy barrier between HOMO levels of
NPB and the hosts (TCTA, CBP, mCP and UGH3) is 0.3, 0.7, 0.5 and 1.8 eV,
respectively. On the other hand, the energy barrier between LUMO levels of BPhen and
the host materials (TCTA, CBP, mCP and UGH3) is 0.7, 0.5, 0.6 and 0.2 eV, respectively.
The device with UGH3 has the largest operating voltage, compared with devices of
other hosts, mainly because the energy barrier (HOMO difference between NPB and
UGH3) is considerably high (1.8 eV), whereas the NPB/TCTA energy barrier is only
0.3 eV. Moreover, TCTA enjoys high hole mobility. Therefore, the device with TCTA
has the lowest operating voltage.
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Figure 2.10 Current density vs. voltage characteristic curves of blue PhOLEDs with different hosts.

Figure 2.11 illustrates the absorption spectrum of FIrpic and normalized
photoluminescence (PL) spectra of different host materials. All the spectra were
recorded with the target material dissolved in chloroform. As seen, the PL emission
bands of all the host materials overlap well with the absorption band of FIrpic,
indicating possible efficient energy transfer in the host-guest system [28].

Figure 2.11 Photoluminescence spectra of the host materials (TCTA, CBP, mCP and UGH3) and
the absorption spectrum of FIrpic.
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Comparison of luminance efficiency is shown in Figure 2.12. At 100 mA/cm2, the
luminance values of the PhOLEDs with TCTA, CBP, mCP and UGH3 are 4105, 7372,
13839 and 2145 cd/m2, respectively. Among them, the PhOLED with mCP appears to
be the brightest and have the highest EQE, because of its good triplet exciton
confinement and balanced hole/electron ratio. CBP has smaller triplet energy (2.56 eV)
than FIrpic (2.62 eV), as shown in Table 2.1. As a consequence, triplet confinement of
CBP to FIrpic would be insufficient, because energy on FIrpic molecules would transfer
back to CBP, resulting in energy and efficiency loss. Despite the fact that TCTA has
higher triplet energy (2.85 eV), the TCTA device suffers low EQE. The hole mobility
of TCTA (~3.010-4 cm2V-1s-1) is orders of magnitude larger than its electron mobility
(<10-8 cm2V-1s-1) [29]. The ability of TCTA to conduct electrons is extremely weak,
compared with that to conduct holes, leading to unbalanced electron/hole ratio in the
EML. In the PhOLEDs with host of UGH3, the charge ratio is rather unbalanced,
because of two reasons: (i) the UGH3 is a type of electron transport host material, and
(ii) the holes need to overcome a considerable energy barrier to travel from NPB to
UGH3 (1.8 eV). Therefore, devices with hosts of TCTA and UGH3 show less efficiency,
compared with CBP and mCP. It is worth noting that blocking layer was not introduced
in any of the PhOLEDs, which would otherwise effectively confine host triplet excitons
and charge carriers within the EML and lead to higher radiative efficiencies.

Figure 2.12 (a) Luminance-current density characteristics and (b) external quantum efficiency
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vs. current density curves of blue PhOLEDs with FIrpic doped in one of the host materials:
TCTA, CBP, mCP and UGH3.

Figure 2.13 shows normalized electroluminescence (EL) spectra of blue PhOLEDs
with different hosts. The spectra were measured under room temperature when the
device was operating with a current density of 100 mA/cm2. All the PhOLEDs exhibit
typical blue-green light with two main peaks at ~474 nm and ~502 nm, respectively,
which are the characteristic emission peaks of FIrpic. However, the PhOLEDs with
different host materials vary in green/blue peak ratio. The peak ratios of the PhOLEDs
with TCTA, CBP, mCP and UGH3 are 1.04, 1.14, 1.14 and 1.21, respectively. It has
been found that at the 474 nm blue peak decreases when the recombination zone shifts
towards the anode side due to of the interference effect [24]. Therefore, the difference
in the peak ratio would be explained by different locations of the recombination zone
in these devices.
The UGH3 device has the lowest peak at 474 nm, indicating that the charge
recombination in UGH3 device takes place near the anode most, consistent with its
characteristic of an electron transport host material. As discussed above, the electron
mobility of UGH3 is larger than its hole mobility. The holes accumulate at the
NPB/EML interface, due to large energy barrier (1.8 eV). The electrons need to travel
through the UGH3 layer to recombine with the holes on the other side. As a result, the
recombination zone would be narrow in width in the EML close the NPB/EML interface.
Wang described the effect of the HTL on the efficiency of the PhOLEDs. It was reported
that the HTL with low triplet energy can quench the PL of the phosphor emitter, due to
energy transfer from the emitter to the triplet state of the HTL [30]. As shown in Table
2.1, the triplet energy of NPB (2.3 eV) is much lower than that of UGH3 (3.5 eV). The
triplet excitons populated on UGH3 species may transfer energy to the triplet states of
NPB molecules, leading to efficiency loss. This energy transfer to NPB may be
worsened by the fact that the main recombination zone is near NPB/EML interface.
Thus, the triplet exciton leakage and unbalanced charge ratio jointly contribute to low
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efficiency of the UGH3 device.

Figure 2.13 Electroluminescence spectra of blue PhOLEDs with different hosts.

TCTA has hole mobility of 3.010-4 cm2V-1s-1 and electron mobility of less than
110-8 cm2V-1s-1. In the TCTA device, electrons stack near EML/BPhen interface, not
only because of low electron mobility, but because of large energy barrier (LUMO
difference between TCTA and BPhen) (0.7 eV). For the similar reason to the case of
UGH3, recombination zone in the TCTA device is near the EML/ETL interface, leading
to low green/blue peak ratio. Also, the TCTA device suffers triplet exciton leakage from
the EML to the ETL. Because the triple energy of BPhen is 2.5 eV, which is lower than
that of TCTA (2.85 eV).
In contrast to TCTA and UGH3, , both CBP and mCP have more comparable hole
and electron mobilities as well as comparable energy barriers for electron and hole
injection. Therefore, the PhOLEDs with a CBP or mCP host have a broader
recombination zone, which is also located close to the ETL as they both favor hole
transport.
It should be noted that the blue PhOLEDs with different hosts show difference in
EL spectra in a wavelength range from 420 nm to 460 nm. The EL spectrum of UGH3
device obviously exhibits a broad shoulder emission before 450 nm, attributing to NPB
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emission [31]. This emission implies electron leakage, due to two factors: (i) UGH3 is
an electron transport host material, and (ii) the energy barrier of LUMO levels of NPB
and UGH3 is small (0.4 eV), insufficient to block excess electrons. In contrast, the NPB
emission cannot be detected in the device with CBP or mCP host, indicating good
electron blocking property. Nevertheless, there is a weak emission between 420 and
460 nm in TCTA device, which should not be attributed to NPB emission. Since the
electron mobility of TCTA is extremely low, very few electrons can penetrate the EML
consisting of TCTA. Considering the fact that the recombination zone is near the
EML/ETL interface, the small emission shoulder may originate from the broad
emission band of TCTA/BPhen exciplex, of which the peak is ~460 nm.

2.5 Conclusions
The baseline blue PhOLED with FIrpic doped in an mCP host was fabricated.
Nanometer-thick MoO3 and LiF layers were inserted between the electrodes and
organic structure to enhance hole and electron injection, respectively. The thickness of
the ETL was tailored in order to obtain the highest light output and the optimal thickness
was found to be ~45 nm.
Blue PhOLEDs with FIrpic doped in four different host materials were fabricated
and compared. The PL spectra of all the hosts overlapped the absorption spectrum of
FIrpic, indicating good energy transfer from the host to FIrpic. PhOLEDs with mCP
had the highest luminance and the highest external quantum efficiency due to the
combined effect of matched energy level alignment, good triplet energy confinement
and balanced electron/hole transport. At 20 mA/cm2, the voltage was 7.9 V, and a
luminance of 3320 cd/m2 was obtained. In contrast, the PhOLEDs with a TCTA or
UGH3 host exhibited low luminance and efficiency mainly due to unbalanced charge
injection and transport within the EML.
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Chapter 3 Reliability Study of Blue PhOLEDs
3.1 Introduction
Organic light-emitting diodes (OLEDs) are promising for flat-panel displays and
solid-state lighting [1-5]. They have drawn much attention in the scientific world as
well as in the industry. However, poor reliability, especially a relatively short lifetime,
of OLEDs is one of the critical factors limiting commercial applications of the OLED
products [6]. The lifetime of OLEDs is defined as the time lapsed for the OLED
brightness to decrease to half of its initial value at a constant current or voltage [7]. In
the past decade, the OLED lifetime has been improved greatly, leading to emerging
commercial OLED displays used in televisions and smartphones.
Despite the success in the display field, there are more stringent requirements for
the application of OLEDs in lighting, which usually needs device to operate with much
higher brightness. Normally, the brighter is the OLED, the faster the OLED degrades,
and the shorter is its lifetime [7]. In spite of long-term endeavor, up to now, the stateof-the-art OLEDs cannot satisfy the requirements of lighting applications [8]. Therefore,
more research work needs to done to understand the degradation mechanisms and
improve the lifetime of OLEDs.
For blue phosphorescent OLEDs (PhOLEDs), the issue of lifetime becomes more
serious [9-12]. Compared with red and green PhOLEDs, the blue PhOLEDs have a
much shorter lifetime no more than a few hours [7]. This is in part due to large energies
of excitons and charge carriers in blue PhOLEDs, which can induce electrochemical
reactions and molecule dissociation. The short lifetime prevents the blue PhOLEDs
from applications in display and lighting. Recently, Forrest et al. provided a way to
extend the lifetime of blue PhOLEDs by tenfold, making blue PhOLEDs more close to
commercial use [8]. However, the improved lifetime is still far from what is needed for
practical use.
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The degradation mechanism has been studied intensively and many methods have
been proposed to circumvent the problems. There are various factors causing the
OLEDs degrading, depending on the materials used and device architecture. Therefore,
the degradation mechanisms are complex and different from one case to another.
However, they can generally be categorized as extrinsic and intrinsic factors.
The extrinsic factors are caused by the external environment, for instance, preexisting particles on the substrate and presence of external species (oxygen and water
moisture) from the ambient condition [13-15]. Nowadays, ultrasonic washing of
substrates and encapsulation under nitrogen ambience have become a common practice
and these extrinsic factors have been suppressed to a large extent [7].
Besides the extrinsic factors, the OLEDs suffer intrinsic ones, which are more
challenging to investigate and control. Many causes of OLED degradation have been
proposed, for example, thermal stability, interfacial degradation, traps and quenching
sites. In addition, joule heating, sometimes considered as self-heating, is also believed
to play an important role in device degradation [7, 16]. The heat is generated in the bulk
of organic layers as well as at the interfaces.
In blue PhOLEDs, the degradation mechanisms may be more complex, partially
because organometallic molecules are used as phosphorescent emitters and thus the
chemistry in PhOLEDs is a little different from conventional fluorescent OLEDs [17].
Moreover, blue PhOLEDs require a host material with a wide bandgap, resulting in a
high operating voltage. So, it is possible that self-heating may be a serious issue. As
discussed in Chapter 1, stronger parasitic effects can be expected in blue PhOLEDs,
which can generate high energy states on organic molecules and greatly increases
vulnerability of the organic materials [18]. Therefore, a lot of effort has been devoted
to synthesis of blue phosphorescent emitters with high efficiency and good stability.
Besides FIrpic, blue emitters including iridium(III)bis(4’,6’-difluorophenylpyridinato)
tetrakis(1-pyrazolyl)borate (FIr6) and iridium (III) tris[3-(2,6-dimethylphenyl)-7methylimidazo[1,2-f]phenanthridine] (Ir(dmp)3) have also been used to make blue
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PhOLEDs [8, 19]. Most previous reliability studies have focused on the degradation of
these emitters [20, 21], but the role of the host material in device degradation has not
been fully studied yet.
In this chapter, the blue PhOLEDs based on FIrpic fabricated in Chap. 2 are
subjected to constant continuous-wave and pulsed current stressing, and the evolution
of their voltage and luminance is examined. The role of the host material in device
degradation is investigated through a comparative study of the devices only differing
in the host material. The effects of reverse biasing, doping concentration and post
thermal treatment on the blue PhOLED reliability are also investigated.

3.2 Experimental procedure
Blue PhOLEDs have structure of ITO / MoO3 / N,N’-Di(1-naphthyl)-N,N’diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB) / Host : bis[2-(4,6-difluorophenyl)
pyridinato-C2,N](picolinato) iridium(III) (FIrpic) / bathophenanthroline (BPhen) / LiF
/ Al. The host material is selected from one of the four organic materials: (i) tris(4carbazoyl-9-ylphenyl)amine (TCTA); (ii) 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP);
(iii) 1,3-bis(N-carbazolyl)benzene (mCP); (iv) 1,3-bis(triphenylsilyl)benzene (UGH3).
All the host materials are characterized by large band gap [22-25]. The emission layer
is 30 nm in thickness and the weight ratio of the dopant to the host is fixed at 10%. The
PhOLEDs were fabricated on glass substrates with pre-patterned ITO. The substrates
were ultrasonically cleaned in individual solvents (acetone, methanol and deionized
water), and dried in air. The substrates were treated with O2 plasma for 5 min before
being loaded into a thermal evaporation chamber, in which each layer was deposited.
During the thermal deposition process, the chamber pressure was maintained lower than
1×10−6 torr by a cryopump. All the layers were deposited without breaking vacuum.
The thickness and deposition rate of each layer were monitored by quartz crystal
sensors. The deposition rate was kept around 0.1 nm/s. A shadow mask was used to
define the shape of the cathode. The active area of an OLED was 0.1 cm2. Four identical
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OLEDs were fabricated on each substrate. After deposition of all layers was completed,
the devices were transferred to a N2-filled glovebox, in which the devices were annealed
and encapsulated with epoxy and a glass lid. All the devices were characterized at room
temperature.
The electroluminescence (EL) spectra were measured with an Ocean Optics fiberoptic spectrometer. The current-voltage characteristics of blue PhOLEDs were recorded
by an Agilent 4156C semiconductor parameter analyzer. To measure the device lifetime,
an as-fabricated OLED was stressed at a constant current density and luminance data
were collected periodically by a calibrated silicon photodetector. The circuit shown in
Fig. 3.1 was used to measure device lifetime under pulsed stimulation. An Agilent
8114A pulse generator was used as the pulsed voltage source. The voltage on the circuit
was measured by an Agilent DSO6014A oscilloscope. A variable resistor with large
value is vital to the circuit and has three functions. First, the effective resistance of the
OLED would be very small, only if the OLED is burnt out or experiences catastrophic
failure. Therefore, a large resistor can protect the voltage generator from high current,
in case of device failure. Second, the resistor combined with an oscilloscope provides
a window to monitor the current level in the circuit. The third function, which is the
most important, is to maintain a relatively constant current. Under electrical stressing,
the effective series resistance of the OLED increases over time. Hence, given a constant
pulsed voltage source, the current in the circuit would decrease over time during the
operation. A large resistor is connected with the OLED in series. Therefore, the
resistance increment on the OLED is negligible, compared with the overall resistance
in the circuit. In this way, the current would be maintained at relatively constant level.
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Figure 3.1. Schematic diagram of electric circuit.

When the blue PhOLEDs were stressed under pulsed voltage, the luminance was
measured by an Ocean Optics fiber-optic spectrometer. The measurement was realized
by calculating the intensity integration over a time period. The device was on during
the pulse active time and was turned off during the rest of the period. At a fixed duty
cycle of 1%, the dependence of the EL intensity on pulse frequency and current density
is shown in Figure 3.2. The host material of PhOLEDs is mCP. The EL intensity
maintains at a constant value in low-frequency domain and drops gradually to zero at
high frequency. At 5 mA/cm2, the EL intensity begins dropping at 5 Hz. The 3 dB
bandwidth is about 125 Hz. The dropping frequency and bandwidth increases with
operating current level. At 100 mA/cm2, the dropping frequency and the 3 dB
bandwidth are 60 and 1888 Hz, respectively. This behavior can be explained by
characteristic transient electrophosphorescence, which is characterized by delay time,
rise and decay time [26, 27]. In general, the background carrier concentrations are low
in organic materials. Charge carriers take time to travel from the electrodes to the EML
to participate recombination, resulting in delay. The delay time depends on carrier
mobility. Since the carrier mobility in organic material has an exponential dependence
on the square root of the electric field, high voltage results in high carrier mobility and
thus a short delay time. The rise time increases with the capacitance of the device, which
is inversely proportional to the applied voltage.
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Figure 3.2. Normalized EL intensity as a function of pulse frequency and operating current level.
The duty cycle of the pulsed voltage is 1%. The device structure is ITO / MoO3 / NPB / mCP:FIrpic
(10 wt%) / BPhen / LiF / Al.

In this chapter, a current density of 100 mA/cm2 is used, which is much higher
than the industrial standard. To largely eliminate the self-heating influence on the
PhOLEDs reliability and, meanwhile, maintain a good brightness, the pulse frequency
and the duty cycle are fixed at 100 Hz and 1%, respectively. In this way, self-heating
has a very short time to generate and long enough time to dissipate.

3.3 Reliability of Blue PhOLEDs with different hosts
Figure 3.3(a) shows the evolution of the normalized luminance of the blue
PhOLEDs stressed at a constant continues wave (CW) current density of 100 mA/cm2.
At this current density, the PhOLEDs with the host of TCTA, CBP, mCP and UGH3
have initial luminance of 4105, 7372, 13839 and 2145 cd/m2, respectively. Brightness
of all devices exhibits fast initial decrease and typical stretched exponential decay. The
OLED lifetime (t0.5) is defined as the time lapsed for the OLED luminance at a constant
current or voltage to decrease to half of its initial value. For the PhOLEDs with hosts
of TCTA, CBP, mCP and UGH3, the lifetimes are 1.3, 8.6, 4.0 and 0.3 min, respectively.
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Device degradation is accelerated when the device exhibits high luminance or
undergoes electrical stressing with high current density. Because undesirable factors,
such as self-heating, electro- and photo-chemical reactions, would give rise to defects
at a considerable rate. Previous study showed that the degradation of electrically aged
FIrpic emitters is mainly caused by (i) isomerization of the FIrpic molecules; and (ii)
chemical dissociation of the FIrpic molecules by cleavage of the picolinate ligand [28].
The lifetime of PhOLED with CBP is 28 times as large as that with a UGH3 host under
the same current density, implying that the host also has great impact on the OLED
lifetime.

Figure 3.3. (a) Normalized luminance decay and (b) voltage evolution of blue PhOLEDs with
different hosts stressed under CW 100 mA/cm2.

The luminance decay is accompanied by a voltage rise, as shown in Fig. 3.3(b).
All the devices shows an initial drop followed by steady rise over time. Normally,
voltage rise is due to increasing defects in the OLED structure. Defects at layer
interfaces and in the bulk of transport layers result in higher energy barrier and lower
conductivity, respectively. The PhOLEDs with CBP and mCP show moderate rise rate,
whereas the PhOLEDs with TCTA and UGH3 have mild and rapid rate, respectively.
This fact may be attribute to the defect forming which is induced by self-heating. To
maintain a constant current density, the PhOLEDs with different hosts have different
operating voltage and therefore different overall input power. In Fig. 3.3(b), the device
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with host of UGH3 has largest power dissipation, which induces largest defect forming
rate, leading to highest speed of voltage rise. This result is consistent with the fact that
the UGH3 device suffers the shortest lifetime as well as the fastest degradation.
Figure 3.4 illustrates the current density-voltage (J-V) curves of representative
fresh and stressed PhOLEDs on a semi-log scale. Some stressed devices exhibit
increased low-biasing leakage current, whereas others show little change in leakage.
This fact implies that the defects are generated in the device structure, forming
continuous shunt leakage paths in some cases [29]. In the high injection regime, the
current density of fresh device is higher than the stressed one at the same operation
voltage. This difference is attributed to increase in series resistance, due to charge
trapped at defect sites.

Figure 3.4. Current density-voltage characteristic of a representative PhOLED before and after
stressing on a semi-log scale.

Figure 3.5 shows the evolution of the normalized luminance of the PhOLEDs
stressed under 100 Hz 1% pulsed current density of 100 mA/cm2. Like the decay curves
under CW stressing conditions, all the PhOLEDs exhibit stretched exponential decay.
The average values of t0.5 of the PhOLEDs with host of TCTA, CBP, mCP and UGH3
are 410, 2330, 813, and 60 min, respectively, as shown in Table 3.1. Effective lifetime
is defined as t0.5  duty cycle. For the CW, the duty cycle is 100%. Table 3.1 shows the
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effective lifetimes of the PhOLEDs under CW and pulsed stressing. The effective
lifetimes under pulsed condition are found to be 2-3.2 times as large as t0.5 under CW
condition. This result suggests that self-heating caused by current injection plays a role
in luminance decay and device degradation in blue PhOLEDs. However, solely
suppressing the thermal effect by pulsed injection does not result in long lifetime of the
blue PhOLEDs. In particular, in the case of the PhOLED with UGH3, a significant
amount of localized heating may be generated at the interface of hole transport layer
(HTL) and emission layer (EML) due to a considerable energy barrier (1.8 eV) at the
interface. Pulsed operation extends the effective lifetime only by 2 times. Therefore,
nonthermal factors must be responsible to the fast degradation of the PhOLEDs with
UGH3, such as electrochemical reactions in the FIrpic molecules and undesired change
in the host molecules. Since the blue PhOLEDs only differ in the host material, their
different lifetimes imply different intrinsic factors of the host materials, for example,
stability and charge mobility. For instance, UGH3 has very poor stability due to a low
glass transition temperature (Tg) of 46 °C, correlating with an extremely short lifetime
of the PhOLED with UGH3. Under current stimulation, defects may be generated by
the dissociation or crystallization of the host material, or reaction of the host molecules
with FIrpic fragments. Since TCTA has a high Tg (151 °C), the PhOLEDs with TCTA
are supposed to have a long lifetime. However, exciton recombination may occur in a
very narrow zone in the EML near the electron transport layer (ETL), owing to the stark
difference between electron and hole mobilities of TCTA (μe < 10-8 cm2V-1s-1 and μh =
3.010-4 cm2V-1s-1) [30]. As a consequence, the PhOLEDs with TCTA suffer strong
nonradiative recombination processes such as triplet-triplet annihilation (TTA) and
triplet-polaron annihilation (TPA), which provide the major driving force for defect
formation [31]. This assumption is validated by the low luminance of the PhOLEDs
with TCTA, which is indicative of an inefficient radiative process.

44

Figure 3.5. Normalized luminance decay of blue PhOLEDs with different hosts stressed under 100
Hz, 1%, pulsed 100 mA/cm2.
Table 3.1. Lifetimes of blue PhOLEDs with different hosts stressed under CW and pulsed condition
(100 Hz, 1%, 100 mA/cm2).

TCTA

CBP

mCP

UGH3

t0.5 (min)
10 mA CW

1.3

8.6

4.0

0.3

t0.5 (min)
10 mA 1%

483

2330

813

60

t0.5 (min)
10 mA 1%
(Effective)

4.8

23.3

8.1

0.6

The EL spectra help gain further insight into the degradation mechanisms. Figure
3.6 reveals slight color change (redshift) in the aged PhOLEDs as compared with asfabricated ones. The intensity ratio of the two peaks (502 nm and 474 nm) for the
PhOLEDs with TCTA changes from 0.99 before stressing to 1.04 after current stressing,
as shown in Figure 3.6(a). It is worth noting that the spectra of both the unstressed and
stressed devices were measured under the same current density and exposure time. As
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mentioned above, the hole mobility of TCTA is many orders of magnitude higher than
the electron mobility, resulting in extremely unbalanced charge transport inside the
EML. The recombination zone is very narrow located near the EML/ETL interface,
where most defects are generated. As the defect traps are filled up by charge carriers,
the recombination zone would be pushed away from the EML/ETL interface. Due to
the interference effect, a redshift on the overall EL spectrum is expected. An even larger
redshift has also been observed in the spectra of PhOLEDs with a CBP or mCP host, as
shown in Figure 3.6(b). The intensity ratio of peaks at 502 nm and 474 nm changes
from 1.00 to 1.25 after stressing. The larger ratio change indicate a larger shift of
recombination zone toward the anode. As discussed in Chap. 2, PhOLEDs with a CBP
or mCP host have a broader recombination zone as a result of more balanced charge
transport. Therefore, defects would also be generated over a broader region, resulting
in a larger shift of the recombination zone.

Figure 3.6. EL spectra of blue PhOLED with (a) TCTA and (b) CBP measured at 100 mA/cm 2
before and after current stressing.

Based on the above observation and analysis, three major material factors
associated with the host would be identified to have significant impact on the reliability
of blue PhOLEDs: (i) LUMO and HOMO energy levels, (ii) charge carrier mobility,
and (iii) intrinsic stability. First, energetic misalignment of the host with the charge
transport materials would result in an energy barrier for carrier injection and an
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additional voltage drop at interfaces, leading to localized joule heating and material
degradation. Our study showed that suppression of the heating effect by pulsed stressing
can improve the lifetime by 2-3.2 times. Second, mismatched electron and hole
mobilities in the host cause unbalanced charge transport in the EML, leading to a
narrow recombination zone. The above data showed that defects are mainly generated
in such a narrow zone where most defects are generated. The recombination zone would
be shifted if the defects are effective charge traps and are filled up during current
injection. Finally, the host with poor intrinsic material stability can readily decompose
under current stimulation or react with FIrpic fragments, forming charge traps and
exciton quenchers. With a low Tg of 46 °C, UGH3 would not be thermally stable if
temperature is elevated slightly above room temperature. This presumably explains the
extremely short lifetime of blue OLEDs with FIrpic doped in a UGH3 host even under
pulsed stressing.

3.4 Investigation of other degradation factors
3.4.1 Reverse biasing
To gain further insight into the degradation mechanisms of blue PhOLEDs, a
reverse biasing (−9 V) was superimposed on the off cycle of the pulsed voltage source
during the pulsed current stressing at 100 mA/cm2. Figure 3.7(a) illustrates the effective
lifetimes of blue PhOLEDs with FIrpic doped in mCP under different stressing
conditions. Improvement of lifetime by reverse biasing, from 8.1 min to 9.4 min was
obtained. This improvement may be attributed to two possible effects of reverse biasing:
(i) redistribution of mobile ions and accumulated charge carriers; and (ii) removal of
defects acting as micro-channels. Ionic impurity and electric-field induced migration of
mobile ions would otherwise provide quenching sites in the recombination zone in the
EML, can be suppressed by the AC source. The accumulation of charge carriers at the
interfaces and the charge traps, which are responsible for device degradation, can be
released by a reverse bias. Zou et al. reported that a large reverse biasing results in a
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fast and large recovery of the device [32]. The reverse biasing can also remove defects,
which may contribute to the leakage current. This can be seen in Fig. 3.7(b), the leakage
current in low-bias region is reduced after stressing. The relatively small improvement
(16%) of the lifetime indicates that these effects play a minor role in the device
degradation.

Fig. 3.7. (a) Effective lifetimes of blue PhOLEDs measured with current density of 100 mA/cm 2
CW, pulsed with and without a reverse biasing. (b) Current density-voltage characteristics of blue
PhOLEDs before and after pulsed stressing with a reverse biasing.

3.4.2 Doping concentration
To determine if the doping concentration of FIrpic plays a role in the device aging
process, PhOLEDs with 4.2-14.6wt% FIrpic doped in mCP were fabricated and
subjected 10 mA/cm2 stressing. Figure 3.8 shows the luminance evolution of these blue
PhOLEDs. The parasitic effects like TTA and TPA, can cause molecule decomposition
and device degradation [31]. These effects should be less pronounced at low doping
levels, and thus, the PhOLEDs with low doping concentrations would have a longer
lifetime. However, as shown in Fig. 3.8, the device lifetime increases with the doping
concentration. Compared with 4.2 wt%, the device with doping concentration of 14.6
wt% improves the lifetime by 2.5 times. This confliction can be explained by
considering the energy level diagram and charge transport behavior of the EML. mCP
is an ambipolar host material, but it favors hole transport, causing unbalanced charge
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transport within the host. However, addition of FIrpic molecules can enhance electron
injection and transport as its LUMO level aligns well with that of BPhen. Especially at
a high doping concentration, electrons can inject directly onto the FIrpic molecules and
move via hopping. As a result, the hole and electron currents are more balanced within
the EML, leading to a broader recombination zone [33]. Indeed, at 20 mA/cm 2, the
voltage of the PhOLED with 14.6% FIrpic is 1.2 V smaller compared to that of the 4.2%
device. It is believed that the smaller voltage and broader recombination zone are
responsible for the extended lifetime at high FIrpic concentrations.

Fig. 3.8. Normalized luminance decay of blue PhOLEDs with different weight ratios under CW 10
mA/cm2.

3.4.3 Post thermal treatment
Furthermore, post thermal treatment of the PhOLEDs with an mCP host was
conducted and its possible influence on the device lifetime was investigated. After
deposition of all the layers, annealing at a variety of temperatures was conducted in N2filled glove box, followed by encapsulation. The thermally treated devices show
improved J-V curves, as shown in Figure 3.9(a). At a given current density, the
operating voltage decreases with annealing temperature. At the current density of 100
mA/cm2, the operating voltage of untreated devices is 11.4 V, whereas for the device
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annealed at 60 °C it is 9.0 V. This improvement may be attributed to more intimate
contact among different organic layers as well as between the organic layers and the
electrodes. It was reported that interdiffusion of the organic layers was observed when
the annealing temperature was over 100 °C [34]. In our experiment, the highest
temperature was 60 °C, much lower than 100 °C. Therefore, interdiffusion may play a
minor role in this scenario.
Meanwhile, also it was found that the treatment also affected the brightness. Figure
3.9(b) illustrates the brightness of blue PhOLED measured after treatment at different
temperatures. The brightness maintains a stable level when the annealing temperature
is no more than 50 °C, whereas the brightness declines abruptly when the temperature
is over 50 °C. The device failure above 50 °C is attributed to the poor thermal stability
of the organic materials. For example, the Tg of mCP is only 55 °C.

Fig. 3.9. (a) Current density-voltage characteristics and (b) brightness of blue PhOLEDs annealed
at a variety of temperatures. The host material is mCP.

The same treatment was also done with blue PhOLEDs with a TCTA host. Figure
3.10(a) shows the operating voltage at current density of 100 mA/cm2 as a function of
the annealing temperature. The operating voltage decreases slowly, followed by a fast
decline above 80 °C. It is plausible that above 80 °C, the interdiffusion of organic layers
becomes pronounced, leading to lower energy barriers. Interdiffusion may also be
responsible for the brightness quenching, as shown in Figure 3.10(b). The PhOLED
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with TCTA appears to be more thermally stable than that with mCP, probably due to
the higher Tg of TCTA (151 °C). This result suggests that the thermal property of the
host material may have a significant impact on the thermal stability of blue PhOLEDs.

Fig. 3.10. (a) Operating voltage and (b) luminance change with annealing temperature. The host
material is TCTA.

Figure 3.11(a) shows the luminance evolution of blue PhOLEDs with mCP host
annealed at different temperatures and stressed at 100 mA/cm2. The lifetime does not
change when the devices annealed below 45 °C, whereas the device annealed at 50 °C
shows a lifetime improved by 70%. We attributed the longer lifetime to improved
charge transport across interfaces and better morphology in the thermally treated
PhOLEDs [34].
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Fig. 3.11. (a) Normalized luminance decay and (b) lifetime of blue PhOLEDs annealed at different
temperature under CW stressing.

3.5 Conclusions
Degradation of blue PhOLEDs based on FIrpic doped in different hosts was
studied. The devices were stressed by continuous and pulsed source at a constant
current density of 100 mA/cm2, which is much higher than industrial standard. The
PhOLEDs exhibited rapid stretched exponential decay of luminance with lifetime
varied from 0.3-8.6 min, evidencing an important role of the host in the OLED
degradation process. The device degradation was accompanied by voltage rise, due to
the defect accumulation at interfaces and in the bulk of organic layers. Stressing with
1% pulsed current extended the lifetime only by 2-3.2 times. The EL spectra of aged
devices with a host favoring hole transport showed a red shift, implying that the main
recombination zone was pushed away from the EML/ETL interface. The effects of other
aging factors, including reverse biasing, doping concentration, and post thermal
treatment were also studied. However, the resulting improvements were limited, and
the optimized blue PhOLED still showed very poor reliability under current stressing.
These findings suggested that fast degradation of typical blue PhOLEDs is mainly
caused by current-induced electrochemical reactions in the host and emitter materials
within a narrow recombination zone. These results also stress the importance of
selecting an appropriate host for reliable operation of blue phosphorescent OLEDs,
which should have good stability, enable balanced and efficient charge injection and
transport within the EML.
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Chapter 4 Conclusions and Future Work
4.1 Conclusions
This thesis work aimed at fabrication and reliability study of blue PhOLEDs with
FIrpic doped in different wide bandgap hosts. The goal is to gain a greater
understanding of the impact of the host material on the device reliability and the
underlying degradation mechanisms of the devices subjected to current stressing under
different conditions. The major results and conclusions are summarized below:
(i) The baseline blue PhOLED with FIrpic doped in an mCP host was fabricated.
Thin layers of MoO3 and LiF were inserted between the electrodes and organic structure
to enhance hole and electron injection, respectively. The thickness of the BPhen ETL
was tailored in order to obtain the highest brightness and the optimal thickness was
found to be ~45 nm.
Blue PhOLEDs with FIrpic doped in four different host materials were fabricated
and compared. The PL spectra of all the hosts overlapped the absorption spectrum of
FIrpic, indicating good energy transfer from the host to FIrpic. PhOLEDs with mCP
had the highest luminance and the highest external quantum efficiency due to three
factors: favorable energy level alignment, good triplet energy confinement and
balanced electron/hole transport. At 20 mA/cm2, the voltage was 7.9 V, and a luminance
of 3320 cd/m2 was obtained. In contrast, the PhOLEDs with a TCTA or UGH3 host
exhibited low luminance and efficiency mainly due to unbalanced charge injection and
transport within the EML.
(ii) Degradation of blue PhOLEDs based on FIrpic doped in different hosts was
studied. The devices were stressed by continuous and pulsed source at a constant
current density of 100 mA/cm2, which is much higher than industrial standard. The
PhOLEDs exhibited rapid stretched exponential decay of luminance with lifetime
variation from 0.3-8.6 min, evidencing an important role of the host in the OLED
degradation process. The device degradation was accompanied by voltage rise, due to
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the defect accumulation at interfaces and in the bulk of organic layers. Stressing with
1% pulsed current extended the lifetime only by 2-3.2 times. The EL spectra of aged
devices with a host favoring hole transport showed a red shift, implying that the main
recombination zone was pushed away from the EML/ETL interface. The effects of other
aging factors, including reverse biasing, doping concentration, and post thermal
treatment were also studied. However, the resulting improvements were limited, and
the optimized blue PhOLED still showed very poor reliability under current stressing.
These findings suggested that fast degradation of typical blue PhOLEDs is mainly
caused by current-induced electrochemical reactions in the host and emitter materials
within a narrow recombination zone. These results also stress the importance of
selecting an appropriate host for reliable operation of blue phosphorescent OLEDs,
which should have good stability, enable balanced and efficient charge injection and
transport within the EML.

4.2 Future work
The state-of-the-art blue PhOLEDs are still far from mature and suffer from poor
reliability. Further research work needs to be conducted to understand key limiting
intrinsic factors and improve the device lifetime at high luminance levels. While it is
important to synthesize new blue phosphorescent materials with high efficiency as well
as good stability, our research showed that it is also vital to seek an appropriate host for
a specific emitter to achieve reliable operation of the PhOLED. The host material
should be energetically aligned with the charge transport materials, have good stability,
and enable balanced and efficient charge injection and transport.
In this work, we did not intentionally add electron and hole blocking layers in the
PhOLED structure, which would greatly improve exciton confinement in the EML and
the device luminous efficiency. How these charge blocking layers affect the lifetime of
blue PhOLEDs is a topic worth studying.
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